Amorphous silicon films doped with Y, La, Gd, Er, and Lu rare-earth elements (a-Si:RE) have been prepared by co-sputtering and studied by means of electron spin resonance (ESR), dc-magnetization, ion beam analysis, optical transmission, and Raman spectroscopy. For comparison the magnetic properties of laser-crystallized and hydrogenated a-Si:RE films were also studied. It was found that the rare-earth species are incorporated in the a-Si:RE films in the RE 3+ form and that the RE-doping depletes the neutral dangling bonds (D 0 ) density. The reduction of D 0 density is significantly larger for the magnetic REs (Gd 3+ and Er 3+ ) than for the non-magnetic ones (Y 3+ , La 3+ , Lu 3+ ). These results are interpreted in terms of a strong exchange-like interaction, J RE−DB S RE S DB , between the spin of the magnetic REs and that of the D 0 . All our Gd-doped Si films showed basically the same broad ESR Gd 3+ resonance (∆H pp ≈ 850 Oe) at g ≈ 2.01, suggesting the formation of a rather stable RE-Si complex in these films. 76.30.Kg, 78.66.Jg 
I. INTRODUCTION
The outermost electronic configuration of the rare-earth (RE) elements plays a decisive role in determining their properties. These elements are known to be highly electropositive and to exist, predominatly, in the trivalent RE 3+ form. [1] Moreover, RE 3+ ions have inner 4f n electrons that are efficiently shielded by the outermost, and completely filled, 5s 2 and 5p 6 shells. As a consequence, electronic transitions involving the 4f orbital usually give rise to narrow and well defined signals that are not, or only weakly, influenced by the local RE 3+ environment. Anticipating the advantages of these attributes, much of the current interest in studying RE-doped silicon-based compounds arises from their potential to combine some of the unique characteristics of RE 3+ ions with the electrical properties of semiconductor hosts.
[2] Presently, and despite the great advances achieved in the field of RE-doped semiconductor compounds, the topic is still open with lots of challenging questions. [3] [4] Specifically related to the magnetic properties of these compounds, studies on Er-implanted crystalline silicon have concluded that the ESR signal associated with the Er 3+ ions is absent in samples with no oxygen, which is believed to stabilize sites for the ions. [5] Also, the co-doping with oxygen (or other light impurities) considerably improves the Er-related luminescence signal.
[6] Similar research have been conducted on Er-doped hydrogenated amorphous Si-O films and indicated that the photoluminescence intensity depends on the density of neutral Si dangling bonds (D 0 ). [7] Based on the above scenario, this work presents a systematic study on the magnetic properties of amorphous silicon (a-Si) films doped with different RE (Y, La, Gd, Er, and Lu) elements. The samples were prepared by the co-sputtering technique because of its versatility in producing films with quite different, and controllable, atomic compositions.
For comparison hydrogenated a-Si films doped with RE were also analyzed. Complementary spectroscopic techniques and laser-induced crystallized films were also used in order to achieve further insight.
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II. EXPERIMENTAL
This work sumarizes and presents part of the data taken from more than 60 films.
All films were prepared in a high vacuum chamber (base pressure ∼ 2 x10 −6 Torr), by radio frequency (13.56 MHz) sputtering a Si (99.999 %) target covered at random with small pieces of metallic RE (99.9 %) elements. Polished crystalline (c-)Si wafers and highpurity quartz plates were used as substrates in every deposition run. During deposition, the substrates were kept at ∼ 70 o C under a constant total pressure of ∼ 5 x10 −3 Torr consisting of high-purity gases (Ar or a mixture of Ar + H 2 , for the hydrogenated films).
For the whole series of films the RE concentration was determined by the relative RE-to-Si target area (A RE /A Si ). Non-hydrogenated a-Si and hydrogenated a-Si (a-Si:H) films were also deposited for comparison purposes. Laser-induced crystallization treatments, at room atmosphere, were done on some of the RE-doped a-Si and a-Si:H films deposited on quartz substrates. For this treatment, cylindrical lenses and the 532.0 nm line of a Nd-YAG laser (pulse duration of 10 ns, and repetition of 5 Hz) were employed rendering a laser fluence of
The atomic composition of the films were determined mostly from Rutherf ord backscattering spectrometry (RBS) and nuclear reaction analysis (NRA). The optical band gap of the films were investigated through optical transmission in the visible-ultraviolet range in a commercial spectrophotometer. Raman scattering measurements, at room-T and with the 514.5 nm line of an Ar + laser, were also performed to analyze the atomic structure of the RE-doped a-Si(:H) films.
The electron spin resonance (ESR) experiments were carried out in the 300 − 4 K T -range in a Bruker X-band (9.47 GHz) spectrometer using a room-T TE 102 cavity.
The dc-magnetization measurements were accomplished in the 300 − 2 K T -range using a Quantum Design SQUID magnetometer (RSO mode, 1 T). In addition to the RBS data, the concentration of the magnetic RE species was also determined from the ESR and dc-susceptibility data, χ(T data follow a Curie − W eiss law at low-T (not shown). The fitting of the χ(T ) data to a
Curie − W eiss law shows that the obtained paramagnetic temperature, θ p , of the Gd-doped a-Si(:H) films is negative and larger for films of higher Gd concentration, indicating the existence of an AFM exchange-like interaction between the Gd 3+ spins (see Table I ). [10] The same behaviour was observed in the Gd 3+ -doped lc-Si films and, also, θ p was larger for the lc-Si than for the corresponding pure a-Si film (not shown). states with RE-doping. This is an unexpected result since the doping of a-semiconductors is well known to increase the density of defects, [13] and ii) among all studied RE ions, Figure 3) . It is interesting to observe that, as far as the suppresion of the D 0 states is concerned, the doping with non-magnetic RE ions induces almost the same effect than the laser-crystallization of the a-Si films (see Figure 3) . Moreover, the depletion effect is even more pronounced for the magnetic RE ions, Gd 3+ and Er 3+ , being stronger for Gd 3+ .
These results suggest that this "extra" depletion efficiency should be related to the spin of the magnetic REs and that an exchange-like coupling, J RE−DB S RE S DB , between the RE The analysis of the g-values displayed in Figure 4 (b) leads to interesting conclusions.
The g-values of the a-SiRE films are ∼ 2.0048 and those for the lc-SiRE films ∼ 2.0031, which are close to the g-value of singly charged Si neutral dangling bonds, ∼ 2.0055 (D 0 states). [11] However, the a-SiEr and lc-SiEr films present g-values of ∼ 2.0030 and ∼ 2.0005, respectively, which are significantly smaller than those of the corresponding series. These small g-values seem to be intrinsically associated with the Er-doping process itself and suggests that n-type films (g −→ 1.998) [16] signal presented by these films (see Figure 3 ) it was not possible to accurately determine the g-values in these films. Figure 5 shows a series of a-Si films doped with Gd in the ∼ 0 − 7 at.% range, as determined from RBS (see Table I ). This series was exhaustively studied and for [Gd] 0.5
at.% the spectra show a broad (∆H pp ≈ 850 Oe) and single resonance (g ≈ 2.01) associated to a powder-like spectrum of Gd 3+ . Again, the strong reduction effect that the Gd 3+ ions exert on the D 0 ESR intensity can be appreciated in Figure 5 . magnetic correlations, in agreement with the large | θ p | measured for these films (see Table   I ). However, in contrast to the work of Hellman et al. [4] , low field 0.1 H 0.5 kOe zero field and field cooled susceptibility measurements in these films did not show any measurable spin glass-like behaviour down to T ≈ 2 K.
As stated above, hydrogen atoms in a-Si are known to considerably reduce the density of D 0 states as a result of the passivation of Si dangling bonds. [13] Actually, most of the devices based on a-semiconductors correspond to hydrogenated compounds. [16] In addition to the passivation of dangling bonds, the insertion of hydrogen in a-Si materials promotes the widening of the optical band gap as a consequence of the recession of the top of the valence band due to the replacement of Si-Si by Si-H bonds. Therefore, the study of the combined effects due to the insertion of RE ions and hydrogen atoms in the a-Si host is 7 of outmost importance to our discussion. With this purpose we have investigated a series of Gd-doped a-Si:H films. Figure 6 shows the transmission spectra of some Gd-doped aSi films deposited with increasing hydrogen partial pressures (Table I ). According to this figure, films deposited at higher P(H 2 ) exhibit a transmission cutoff at higher energies, an indication that the optical band gap is indeed being increased. That is shown in the inset of Figure 6 where the E 04 optical band gap (energy corresponding to an absorption coefficient large. [18] Notice that, despite the appearance of these crystallites, the films still present some 8 amorphous contribution at 480 cm −1 indicating that they were not completely crystallized.
The crystallized material was estimated [19] from the ratio between the areas under the Raman peaks due to crystallites and the amorphous tissue, ρ c /ρ a . The inset of Figure 7 shows ρ c /ρ a for various of our studied films. Interestingly, the crystalline fraction ρ c /ρ a in the laser-crystallized films depends strongly on the presence of RE species. According to Figure 7 , the lc-SiGd:H films exhibit an amorphous contribution substantially smaller than the lc-Si:H films, suggesting that the RE species may act as crystallization seeds in the aSi:H network in a similar manner to that verified in other metal-containing a-Si:H films. [20] [21] However, the crystalization fraction seems to be weaky dependent on the RE and [RE] (see inset of Figure 7 ). This result is in agreement with the trends discused above where the presence of REs diminish the density of D 0 states in the films.
Finally, it is opportune to notice that in spite of the great influence exherted by hydrogenation, RE-doping, and laser-crystallization treatment on the optical and structural
properties of the studied a-Si films, their magnetic characteristics seem to remain unchanged.
One possible reason for such a behaviour could rely on the formation of very stable RE-Si complexes which are almost insensitive to the local environment. This phenomenun is not completely clear at present and more investigations are under way. Because the [O] in our films were found to be smaller than 0.5 at.% (RBS), the formation of any stable RE-Si-O complexes seems to be unlikely.
IV. CONCLUDING REMARKS
Rare-earth doped amorphous silicon films were prepared by co-sputtering and investi- 13 
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